The autism spectrum disorders (ASDs) are a collection of human neurological disorders with heterogeneous etiologies. Hyperactivity of E3 ubiquitin (Ub) ligase UBE3A, stemming from 15q11-q13 copy number variations, accounts for 1%-3% of ASD cases worldwide, but the underlying mechanisms remain incompletely characterized. Here we report that the functionality of ALDH1A2, the rate-limiting enzyme of retinoic acid (RA) synthesis, is negatively regulated by UBE3A in a ubiquitylation-dependent manner. Excessive UBE3A dosage was found to impair RA-mediated neuronal homeostatic synaptic plasticity. ASD-like symptoms were recapitulated in mice by overexpressing UBE3A in the prefrontal cortex or by administration of an ALDH1A antagonist, whereas RA supplements significantly alleviated excessive UBE3A dosage-induced ASD-like phenotypes. By identifying reduced RA signaling as an underlying mechanism in ASD phenotypes linked to UBE3A hyperactivities, our findings introduce a new vista of ASD etiology and facilitate a mode of therapeutic development against this increasingly prevalent disease.
Introduction
The autism spectrum disorders (ASDs) are a heterogeneous group of neurodevelopmental diseases characterized by a triad of core defects in social communication, reduced social interactions and stereotyped or repetitive behaviors [1, 2] . The underlying genetic risk factors identified so far include de novo point mutations or copy number variations (CNVs) in large sets of genes that participate in diverse functions across many biological pathways [3] [4] [5] [6] [7] [8] [9] . Remarkably, despite such a complicated genetic landscape, ASD patients manifest similar core phenotypic deficits with typical perturbation in synaptic homeostasis, suggesting that there might exist certain common underlying mechanisms [10, 11] . It is thus both intriguing and of impelling importance to elucidate the mechanisms underlying causal genetic variations and perturbed synaptic homeostasis in ASD.
The maternal 15q11-q13 duplication and isodicentric chromosome 15 (idic 15) have been identified in 1%-3% ASD cases worldwide [3, 4, 12] . The UBE3A gene, an E3 Ub ligase, has been validated as the major contributor for 15q11-q13 CNV symptoms in many population-based studies [4, [13] [14] [15] , while transgenic mice expressing UBE3A at increased dosages also manifested three core autistic behavioral traits [16] , thus identifying UBE3A hyperactivities as one of the best defined genetic causes of ASD subtypes. More recently, an autism-linked mutation was found to disrupt protein kinase A (PKA)-medi-ated phosphorylation of UBE3A and result in excessive UBE3A activity and abnormal synapse formation [17] . In eukaryotes, E3 Ub ligases regulate a myriad of fundamental biological processes, mainly through conjugating single or multiple Ub moieties to their specific substrates in dynamic and spatiotemporally controlled manners [4, [18] [19] [20] [21] [22] . Thus far, many proteins have been identified as E3 Ub ligase substrates for UBE3A, but few of these substrates have offered any potential ASD intervention opportunities. Because of the possible existence of yet unknown UBE3A substrate(s) whose functionalities might be dysregulated in ASD brains [23] , it is of critical importance to screen for UBE3A substrates of closer relevance to neuronal activities.
Retinol (vitamin A), whose deficiency is the leading cause of preventable childhood blindness (www.unicef. org), is one of the key nutrients that mammals cannot make and must take in principally from food and drink. In the cell, vitamin A is converted into retinoic acid (RA) through oxidation steps sequentially catalyzed by enzymes including: (1) the retinol dehydrogenases (mainly RDH10) that metabolize retinol to retinaldehyde; and (2) the ALDH1A family proteins (ALDH1A1-3, also named RALDH1-3), the rate-limiting retinaldehyde dehydrogenases that oxidize retinaldehyde into RA, the major active form of retinol [24] . RA is a key signaling molecule that regulates and mediates many fundamental biological processes, through its nuclear receptor, as indicated by genetic studies that eliminate RA biosynthesis, and perhaps extra-nuclear mechanisms, although these have not been demonstrated genetically [25] [26] [27] [28] . In the nervous system, dynamically controlled RA homeostasis is not only critical for neuron differentiation, brain development and patterning [27] , but also essential for brain function, particularly in the maintenance of synaptic plasticity [28] . For example, RA synthesis is rapidly induced by loss of synaptic activity, followed by the direct activation of the local translation of AMPA receptors through an extra-nuclear RARα-dependent mechanism [28] [29] [30] . Exactly how the functionalities of ALDH1A family proteins as well as RA homeostasis might be dynamically regulated in neural systems and contribute to human neurological disorders such as ASD is still incompletely understood.
Here we report that UBE3A interacts with and ubiquitylates ALDH1A2, as well as the other members of the ALDH1A family of proteins, in a non-proteolytic manner, thereby inhibiting RA biogenesis and disrupting cellular RA homeostasis. Patch-clamp analyses with cultured primary neurons reveal that RA production in response to neuronal activity blockade is inhibited in the presence of UBE3A hyperactivities, subsequently interrupting RA-mediated neuronal synaptic scaling. Furthermore, ASD-like behavioral traits recapitulated in mice overexpressing UBE3A could be significantly alleviated by supplementing RA. Moreover, administration of disulfiram (DSF), an ALDH1A antagonist [31] , was sufficient to cause ASD-like phenotypes in mice. Our results might have thus uncovered perturbed RA homeostasis as a key mechanism underlying UBE3A hyperactivities-linked ASD-like behaviors, with potential implications for clinical interventions.
Results

Identification of ALDH1A family proteins as novel interacting partners for human UBE3A
Little mechanistic insight into the link between ASD pathogenesis and excessive UBE3A dosage has been revealed due to few known UBE3A substrates [4, 23] . We therefore carried out an initial yeast two-hybrid (Y2H) screening using the longest isoform of human UBE3A as the bait to find interacting partners ( Figure 1A ). Multiple positive colonies were found to harbor the full-length cDNA for human ALDH1A2, a rate-limiting enzyme in the cellular biogenesis of RA ( Figure 1B) . A co-immunoprecipitation assay indicated that the UBE3A and ALDH1A2 proteins, both endogenous and ectopically expressed, could form a complex in HEK-293FT cells ( Figure 1C and 1D ). We next expressed Flag-UBE3A and ALDH1A2-RFP ectopically in SH-SY5Y neuroblastoma cells and found that the two proteins significantly co-localized in the cytosol by immunofluorescence ( Figure  1E ). Furthermore, when recombinant GST-fused UBE3A protein was incubated with HA-tagged ALDH1A2 protein, ALDH1A2 protein was efficiently pulled down by the full-length or N-terminal fragment (amino acid 1-280) of GST-UBE3A, which was immobilized on glutathione-agarose beads ( Figure 1A , 1F and 1G; Supplementary information, Figure S1A ). These data validate a direct interaction between ALDH1A2 and UBE3A, mainly involving the N-terminal 1-280 residues of UBE3A. As human ALDH1A family proteins share high sequence homologies (Supplementary information, Figure S2 ), we examined the interaction of UBE3A with other family members; we found that UBE3A also directly bound to ALDH1A1 and ALDH1A3 in vitro and in cells (Supplementary information, Figure S1B -S1E). Consistent with the high sequence homology among ALDH1A family proteins, UBE3A bound to all three members via the same ALDH1A interaction domain (amino acids 1-280 of UBE3A; Figure 1A , Supplementary information, Figure  S1F and S1G). Taken together, our results identify novel interactions between UBE3A and all members of the AL- Interaction between human UBE3A and ALDH1A2 in Y2H assay, indicated by both survival of the harboring colonies in SD-4 medium (deficient in Ura, His, Leu and Trp) and the blue color in X-gal assay. (C, D) Co-immunoprecipitation (co-IP) assay to identify the interaction of ectopically expressed Flag-UBE3A and ALDH1A2-HA proteins (C), or the endogenous partner proteins (D) in HEK-293FT cells. A2, ALDH1A2. (E) Immunofluorescence microscopy analysis indicated the co-localization of Flag-UBE3A with ALDH1A2-RFP in SH-SY5Y cells, with cell nucleus stained with DAPI. Scale bar, 30 µm. (F) GST pull-down assay was performed to validate the direct interaction between recombinant UBE3A and AL-DH1A2 proteins in vitro. (G) Mapping the ALDH1A2-interacting regions in UBE3A. Purified ALDH1A2 protein was incubated with glutathione-agarose beads-bound GST-fused full-length UBE3A, the indicated fragments or the GST-only control proteins, respectively. The pulled down proteins were probed in immunoblotting. (H) UBE3A conjugated poly-Ub onto ALDH1A2 in an in vitro ubiquitylation assay. USP2cc: the catalytic core domain of human deubiquitylase USP2. (I) UBE3A promotes ALDH1A2 ubiquitylation in intact cells. HEK-293FT cells were co-transfected with His6-UB, ALDH1A2-HA and Myc-UBE3A constructs as indicated. Ubiquitylation-conjugated proteins were enriched using anti-HA antibody, and subjected to immunoblotting using anti-His antibody. (J) The ubiquitylation of endogenous ALDH1A2 increased in dependence of the dosages of UBE3A proteins in ASD patients-derived lymphocytes. All experiments were conducted at least three times.
DH1A family of proteins, the rate-limiting enzymes for RA biogenesis.
Human UBE3A conjugates Ub onto ALDH1A family proteins
We next tested whether UBE3A might also conjugate ubiquitin onto ALDH1A2. To this end, an E. coli-based ubiquitylation system with or without E3 Ub ligase UBE3A was reconstituted as described before [32] (see Materials and Methods for details), through co-expression of ALDH1A2 and the ubiquitylation system in the bacterial cells. Human ALDH1A2 was markedly ubiquitylated only when UBE3A was present; this ubiquitylation could be reversed upon treatment with USP2cc, the catalytic core of human deubiquitylating enzyme USP2, suggesting the covalent conjugation of Ub by UBE3A (Supplementary information, Figure S1H ). We also assembled an in vitro ubiquitylation system that consisted of E1 Ub-activating enzyme (Uba1), E2 Ub-conjugating enzyme (UBCH7), E3 Ub ligase (UBE3A), the substrate (ALDH1A2) and ATP. Consistent with the above result using the E. coli-based system, ALDH1A2 protein was markedly ubiquitylated in vitro in the presence of the reaction components ( Figure 1H ). Ectopic expression of UBE3A also promoted the ubiquitylation of ALDH1A2 in HEK-293FT cells ( Figure 1I ) and in several other cell types (data not shown). This ubiquitylation was detectable even under denaturing conditions, excluding the potential interference through auto-ubiquitylation of UBE3A (Supplementary information, Figure S1I ).
To generate an experimental system that limited potential interference from endogenous proteins, we first surveyed cell lines for their expression levels of the AL-DH1A family proteins. From all cell lines surveyed, the endogenous levels of ALDH1A family proteins appeared to be undetectable in H1299 cells [33] (Supplementary information, Figure S3A ). CRISPR/Cas9 was then employed to genetically ablate UBE3A in H1299 cells. This led to greatly reduced ubiquitylation of ectopically expressed ALDH1A2 protein (Supplementary information, Figures S3B, S3C and S4A). Accordingly, compared to the wild-type control, ubiquitylation of endogenous Aldh1a2 was much lower in mouse embryonic fibroblast (MEF) cells derived from Ube3a-knockout (Ube3a −/− ) mice [34] (Supplementary information, Figure S4B ), suggesting that UBE3A might be a predominant E3 Ub ligase for ALDH1A2 in mammalian cells. Certainly, since ALDH1A2 protein was still ubiquitylated in mouse Ube3a −/− or human UBE3A −/− cells, there should exist other yet unknown E3 Ub ligase(s) that could also ubiquitylate ALDH1A2. Taken together, these results clearly indicate that ALDH1A2 is a bona fide substrate for UBE3A in mammalian cells.
As excessive UBE3A dosage is closely associated with ASD and naturally leads to the hyperactivity of UBE3A as an E3 Ub ligase, we further examined whether excess UBE3A resulted in increased ALDH1A2 ubiquitylation in cells. In HEK-293FT cells, the dosage of UBE3A positively correlated with ALDH1A2 ubiquitylation (Supplementary information, Figure S4C ), suggesting that increased ALDH1A2 ubiquitylation may occur in ASD subtypes with excess UBE3A.
We next attempted to directly assess ALDH1A2 ubiquitylation in individuals with ASD with excess UBE3A dosage. Common amplifications in chromosome 15q regions [3] were found in three Chinese probands with clinically evident ASD symptoms (A01 and A02 with maternal isodicentric 15q duplications; A03 with an interstitial 15q duplication), as validated by BeadChip microarray and karyotype analysis (Supplementary information, Figure S5A -S5D, Table S1 ). Gene amplifications found in this region implicated a battery of genes including the UBE3A gene. Among them, excessive dosage of UBE3A has been shown to have an established role in contributing to 15q duplication symptoms [3] (Supplementary information, Figure S5C and S5D). Lymphocytes from patients in these three ASD probands were immortalized and directly assessed to have UBE3A hyperactivities in comparison with the healthy control (Figure 1J ). Together with our additional finding that ubiquitylation of endogenous ALDH1A2 protein in immortal lymphocytes from the ASD patients was markedly higher than that from the healthy control ( Figure 1J ), our results demonstrate that human ASD-linked increased dosage of UBE3A apparently leads to increased conjugation of Ub onto endogenous ALDH1A2 protein.
Previously, residue Thr508 (T508) in human UBE3A protein was shown to undergo PKA-mediated phosphorylation that suppressed the Ub ligase activity of UBE3A, while an ASD-linked T508A mutation disrupted the inhibitory phosphorylation and led to hyperactive Ub ligase activity of UBE3A in autistic patients [17] . Conversely, a phospho-mimetic T508E mutation was found to abolish the E3 Ub ligase activity of UBE3A, resulting in a ligase-dead mutant of UBE3A. Using a ubiquitylation assay with Flag-tagged ALDH1A2 recovered from HEK-293FT cells, we found that ectopic expression of UBE3A T508E did not lead to any increase in ALDH1A2 ubiquitylation, whereas the overexpression of wild-type UBE3A significantly increased ALDH1A2 ubiquitylation, and the ubiquitylation was increased even more markedly by overexpression of the hyperactive T508A mutant of UBE3A (Supplementary information, Figure S4D ). These data strongly suggest that UBE3A T508E lacks E3 Ub ligase activity, at least with ALDH1A2 as substrate. We therefore used UBE3A T508E as a suitable negative control for the E3 Ub ligase function of UBE3A in the rest of this study. Taken together, our findings indicate that ubiquitylation of ALDH1A2 correlates well with excessive UBE3A dosage in multiple experimental cell lines, in accord with UBE3A duplication or hyperactive T508A mutation in autistic cases.
Three isoforms of human UBE3A that result from alternative splicing contain distinct N-terminal residues [35] , and exhibit differential cellular distributions (Supplementary information, Figure S4E ). Compared to isoforms 1 and 3, which mainly exist as puncta in the cell nucleus, isoform 2 of UBE3A co-localized with ALDH1A2 in the cytosol, manifesting the highest E3 Ub ligase activity toward ALDH1A2 (Supplementary information, Figure S4F ).
The high sequence homologies among the human ALDH1A family proteins and their confirmed interaction with UBE3A (Supplementary information, Figures S1B-S1E and S2) led us to show that UBE3A also ubiquitylated ALDH1A1 and ALDH1A3, the other two members of the ALDH1A family proteins in both bacterial and mammalian cells (Supplementary information, Figure  S1J -S1L). Therefore, UBE3A can ubiquitylate the whole family of human ALDH1A proteins, the only dehydrogenase family proteins that convert retinaldehyde into RA. Thus, fluctuations in UBE3A dosage or its activity might conceivably impact RA homeostasis in mammalian cells.
UBE3A ubiquitylates ALDH1A2 in non-proteolytic Ub lysine-linkages
Previously, HHR23A [36] , PML [37] , RING1B [38] and Tkv [39] were found to be ubiquitylated by UBE3A and targeted for proteasome-dependent degradation in the absence of the human papillomavirus oncogene E6, whereas p53 proteins were ubiquitylated only by the E6-UBE3A complex [40, 41] . Surprisingly, the static level of endogenous ALDH1A2 protein was not changed despite increasing dosage of UBE3A in HEK-293FT cells (Figure 2A ). Similarly, the static level of Aldh1a2 protein remained unchanged in mouse MEF cells in disregard of the genetic ablation of Ube3a gene ( Figure 2B ). In addition, the protein level of ALDH1A2 was almost identical in all the immortalized lymphocytes from both ASD probands and the healthy control, despite the varying UBE3A dosages ( Figure 1J ). These data clearly indicated that, unlike other previously reported substrates, UBE3A-mediated ubiquitylation did not target ALD-H1A2 for proteasomal degradation.
As Ub has seven Lys (K) residues, the side chain of any of these lysines, together with the α amino group of the N-terminal Met of Ub, could be conjugation sites for additional Ub molecules to form poly-ubiquitin (poly-Ub) chains of different K-Ub linkages [18] [19] [20] [21] [22] . By retaining one Lys at a specific position and mutating the remaining Lys into Arg (K-to-R substitution), it is possible to characterize the Lys linkage types of poly-Ub chains. As shown in Figure 2C , Ub molecules with intact K29 or K63 were much more efficiently conjugated to ALDH1A2 than any other Ub mutants. Moreover, mass spectrometry analysis of the enriched proteins from both transfected HEK-293FT cells and the reconstituted bacterial strains also identified the K63 Ub linkage (Supplementary information, Figure S4G ). Furthermore, only K-to-R substitution at residues K29 or K63 significantly compromised UBE3A-mediated ubiquitylation on ALD-H1A2 ( Figure 2D and 2E) . These data strongly suggest that UBE3A might preferentially conjugate poly-Ub to ALDH1A2 in K29 or K63 Ub linkages or mixed linkages, which typically do not target the substrates for proteasome-dependent degradation.
UBE3A polyubiquitylates human ALDH1A family proteins at conserved sites
We then mapped the sites for UBE3A-mediated ubiquitylation on ALDH1A2 protein, through proteomic analysis of ALDH1A2 protein recovered from both transfected HEK-293FT cells and reconstituted bacterial ubiquitylation system. This identified K269, K370 and K415 as the convergent sites for UBE3A-mediated polyubiquitylation on ALDH1A2 protein recovered in both systems (Supplementary information, Figure S4G ). A cell-based ubiquitylation assay was then performed, where K-to-R substitutions were introduced on each of these potential polyubiquitylation sites in ALDH1A2 to examine its ubiquitylation status in human H1299 cells. As shown in Figure 2F , the ubiquitylation level of ALD-H1A2 was dramatically reduced when K-to-R mutations were simultaneously introduced on all three Lys residues (K269, K370 and K415). Importantly, a close structural analysis revealed that these three validated polyubiquitylation sites are highly conserved in all ALDH1A family proteins and located in proximity to the active sites for their dehydrogenase activities [42] (also Protein Data Bank, PDB: 4X2Q) ( Figure 2G and 2H) . Therefore, UBE3A polyubiquitylates human ALDH1A family proteins predominantly at the conserved sites close to the active centers for their dehydrogenase activities.
UBE3A-mediated ubiquitylation inhibits the dehydrogenase activity of ALDH1A2 in vitro
We next examined the effect of UBE3A-mediated ubiquitylation on the dehydrogenase activities of AL-DH1A2. As shown in Figure 3A (also Supplementary information, Figure S6A and S6B), ALDH1A2 protein recovered from HEK-293FT cells over-expressing UBE3A, was highly ubiquitylated, and the total retinaldehyde dehydrogenase activity was approximately only half of that from the cells singly expressing endogenous protein. H1299 cells were co-transfected with His6-Ub, Myc-UBE3A and ALDH1A2-HA mutant carrying K-to-R substitutions simultaneously at the indicated sites. ALDH1A2-HA proteins were enriched and followed by immunoblotting to detect ubiquitylation. 3R: ALDH1A2-HA mutant bearing K-to-R substitutions at K269, K370 and K415 sites. (G) The crystal structure of monomeric human ALDH1A2 in which the three major ubiquitylation sites (shown in red) residing close to the active center (Cys320, highlighted in yellow), with the co-factor NAD + shown in violet. The structure was adopted from Protein Data Bank (PDB: 4X2Q, doi:10.2210/pdb4x2q/pdb). (H) The alignment of peptide sequences flanking the identified ubiquitylation sites in ALDH1A family proteins, with ubiquitylation sites shown in orange. All experiments were conducted at least three times. UBE3A. We found that such inhibition was efficiently reversed after USP2cc treatment, which removes the poly-Ub chains on ALDH1A2 ( Figure 3B ). These data clearly suggest that UBE3A-mediated ubiquitylation of ALDH1A2 might significantly compromise its dehydrogenase activity toward retinaldehyde. Likewise, the enzymatic activity of ALDH1A2 in oxidizing propionaldehyde, another known substrate of its dehydrogenase, was also markedly decreased after ubiquitylation catalyzed by UBE3A, and this could also be reversed after USP2cc treatment (Supplementary information, Figure  S6C and S6D). Moreover, since K-to-R substitutions at the three ubiquitylation sites in ALDH1A2 (K269, K370 and K415) led to a complete loss of its activity in oxidizing both aldehydes (Supplementary information, Figure  S6E ; data not shown), these three lysine residues seemed to be critically required for the dehydrogenase activity of ALDH1A2, and probably the whole ALDH1A family proteins ( Figure 2H and Supplementary information, Figure S6F ).
UBE3A-mediated ubiquitylation inhibits the dehydrogenase activities of ALDH1A family proteins in cells
A flow cytometry-based aldehyde dehydrogenase (AL-DH)-dependent fluorophore (Aldefluor) assay is commonly used to assess the cellular ALDH activities [43] by assessing how much BAAA (BODIPY-aminoacetaldehyde) is converted into BAA (BODIPY-aminoacetate) by ALDHs (see Materials ang Methods for details). As shown in Figure 3C , the percentages of the ALDH-bright cells in the immortal lymphocytes from autistic patients were ~20%-60% less than those from the healthy control, suggesting that ASD-linked increased dosage of UBE3A might lead to significantly lower cellular ALDH activities in patient-derived cells.
To further confirm that the specific ALDH1A enzyme activities were indeed compromised in cells from the autistic patients, a co-culture system was also constructed, in which the cellular level of all-trans RA (ATRA) from one cell population (RA-donor cells) was assayed by the uptake of ATRA and its activation of the RARE (RA-responsive element)-luciferase transcription reporter within the receiving cells (RA-sensor cells) [26, 27] . As H1299 cells expressed endogenous ALDH1A family proteins at an undetectable level (Supplementary information, Figure S3A ), they were considered to be free of potential interference from endogenous ALDHs [33] , and used to construct RA sensor cells stably harboring RARE-luciferase reporters. H1299-based RA sensor cells were then co-cultured with the tested RA-donor cells, which were the immortalized lymphocytes from either the autistic patients or the healthy control, at a cell number ratio of ~1:1, before retinaldehyde was supplemented (see Materials and Methods for details). As shown in Figure 3D , RARE-based luciferase activities in co-cultures with RA donor cells derived from the autistic groups were decreased by ~60%-70% compared with the healthy control, further supporting the results from the above two different assays.
Together, these data strongly suggest that ASD-associated UBE3A hyperactivity inhibits RA biogenesis through increased ubiquitylation of the ALDH1A family proteins and thus disrupts overall cellular RA homeostasis.
Excessive UBE3A dosage impairs RA production and disrupts synaptic transmission homeostasis
In the adult nervous system, RA has been increasingly recognized as a key player in regulating homeostatic synaptic plasticity [25, 28] . When synaptic transmission is blocked with a concomitant reduction of dendritic calcium levels, local RA synthesis can be activated by inducing ALDH1A enzymatic activity in neurons, through translational control [28, 29] . RA binds to dendritic-localized RARα, releasing the RARα-repressed translation of mRNAs for certain proteins, including AMPA receptor, to up-scale synaptic transmission [29, 30] . Consistent with previous findings in hippocampus neurons [28, 29] , inhibition of synaptic activity by d-(−)-2-amino-5-phosphonopentanoic acid (D-APV) and tetrodotoxin (TTX) treatment induced a surge in the cellular level of RA in primary neurons isolated from rat prefrontal cortex (PFC), as the RARE-driven expression of the humanized Renilla GFP (hrGFP) reporter was significantly activated, reaching a level up to 2-fold higher than in untreated cells ( Figure 4A ). However, in neurons co-transfected with both UBE3A-IRES-turboRFP and RARE-hrGFP reporter plasmids, APV and TTX treatment blocked synaptic activity, but no increase in hrGFP signal was observed. Remarkably, in neurons co-transfected with plasmids for RARE-hrGFP reporter and Ub ligase-dead mutant UBE3A T508E , the same treatment induced the expression of hrGFP to the level comparable to that of the control group ( Figure 4B ). These data provide the first evidence that the hyperactive E3 Ub ligase activity of UBE3A impaired RA production upon synaptic transmission blockade in neurons.
We next examined the effect of excessive UBE3A dosage on RA-mediated synaptic homeostasis in neurons in response to a neuronal activity blockade. Upon treatment with APV and TTX, both the miniature excitatory post-synaptic current (mEPSC) amplitudes and frequencies significantly increased in normal primary PFC neurons (Supplementary information, Figure S7A ). This suggested that the compensatory increases in excitatory synaptic strengths occurred, possibly via both pre-synaptic and post-synaptic mechanisms, in normal PFC neurons. However, in those primary neurons overexpressing wild-type UBE3A, the same neuronal activity deprivation elicited a significantly reduced (30% less) synaptic upscaling of mEPSC amplitudes, compared to control cells or cells expressing the ligase-dead T508E ( Figure  4C ). In addition, overexpression of wild-type UBE3A seemed not to alter the mEPSC frequencies upon neuronal activity blockade by APV/TTX, compared to that of control or T508E mutant ( Figure 4C ). Taken together, these data suggest that, upon neuronal activity blockade, excessive UBE3A dosage might impair RA-regulated compensation of synaptic homeostasis in an E3 Ub ligase activity-dependent manner, most likely through a post-synaptic rather than pre-synaptic mechanism.
It has been established that synaptic scaling via post-synaptic mechanisms involves de novo translation of dendritic receptors to augment their numbers for excitatory transmission [44] . In consistence with previous findings [29] , for two subtypes of AMPA receptor in dendrites, local translation of GluR1 (also known as Gria1), but not GluR2 (Gria2), was increased upon neural activity blockade in a transcription-independent manner ( Figure 4D ; Supplementary information, Figure  S7B and S7C). However, in PFC neurons overexpressing wild-type UBE3A, neuronal activity blockade caused significantly less increase in post-synaptic GluR1 protein level compared to cells expressing the vector only (Figure 4E) . In contrast, in PFC neurons overexpressing the ligase-dead T508E mutant, a similar neuronal activity blockade induced much higher levels of GluR1 expression than in cells overexpressing wild-type UBE3A, although the GluR1 expression level was still less than that of the vector control group ( Figure 4E ). These results strongly indicate that the excessive E3 Ub ligase activity of UBE3A disrupts homeostatic synaptic plasticity in the PFC neurons, most likely through impairing RA-mediat-ed upregulation of post-synaptic local protein translation.
Ectopic expression of UBE3A in PFC region phenocopies ASD symptoms in mice
The PFC region controls many executive functions and higher-order cognitive processes of the brain, such as decision-making, cognitive movements, social behavior, learning and communication [45, 46] . Recently, abnormal anatomic structures of the PFC region and/or its connections to the other regions of the brain are widely observed within ASD patients and these are considered to be closely associated with ASD etiology [46] [47] [48] [49] . In addition, we took advantage of available data from the ALLEN mouse brain atlas [50] and found that Ube3a and Aldh1a2 are expressed throughout the PFC region. To investigate the causative role of excessive UBE3A dosage in development of autistic behaviors, adeno-associated viruses (AAVs) encoding EGFP, UBE3A or UBE3A T508E under human Synapsin I (SynI) promoter were stereotaxically delivered into the medial PFC regions of the mouse brains, respectively ( Figure 5A and Supplementary information, Figure S8A ). Immunofluorescence analysis with the brain slices confirmed that UBE3A or UBE3A T508E proteins were expressed at almost identical levels in PFC regions from randomly chosen mice from each group (Supplementary information, Figure S8B ).
Four weeks after the stereotaxical injections, the mice were subjected to behavior tests. In a self-grooming test, mice overexpressing UBE3A spent almost 100% more time in repetitive grooming compared with control mice, while UBE3A T508E -expressing mice exhibited no significant differences compared with the control group ( Figure  5B ). These observations clearly demonstrated a strong tendency towards repetitive behavior in mice harboring hyperactive UBE3A. We also recorded the time that mice spent on investigating a social animal or a non-social object among each group in a three-chamber social test. Unlike the control or T508E group that spent roughly 100% more time (~50 s) with the stranger than with the object (~23 s), UBE3A-overexpressing mice spent an almost equal amount of time (~30 s) on interacting with the stranger and the object ( Figure 5C ), indicating severe deficits in social interactions among the mice with hyperactive UBE3A. Meanwhile, time spent on the familiar social animal (Stranger I) over the novel social animal (Stranger II) was also compared among three groups. While control and T508E-overexpressing mice showed more interest in Stranger II and spent ~60%-100% longer time interacting with them, UBE3A-expressing mice spent roughly equal amounts of time with Stranger I and Stranger II (Figure 5D ), indicating that overexpression of UBE3A compromised the recognition of social novelty. Therefore, UBE3A hyperactivity, due to excessive wildtype UBE3A in the PFC region of the mouse brains, seemed sufficient to cause core ASD-like behavioral traits in mice, including increased repetitive behavior and deficits in social interaction and recognition of social novelty.
To further characterize the phenotypical changes caused by overexpression of wild-type UBE3A or the ligase-dead mutant T508E, the mice of each group were also subjected to other standard behavioral tests. It seemed that mice from all three groups showed similar levels of thigmotaxis in an open-field test, and locomotor activity in a rotarod test (Supplementary information, Figure S9A -S9C).
Repletion of RA homeostasis alleviates ASD-like phenotypes in mice caused by excessive UBE3A dosage
To further pinpoint the causative roles of impaired RA synthesis during the onset of autistic phenotypes in mice with UBE3A hyperactivity, mice overexpress- ing wild-type UBE3A in PFC were randomly assigned into groups receiving oral administration of the vehicle (olive oil) or ATRA (3 mg/kg, 5 consecutive days per week) for 4 weeks, before being subjected to a set of mouse behavioral tests ( Figure 5E ). In the self-grooming test, the ATRA-treated group spent a significantly reduced time in repetitive grooming, compared to untreated UBE3A-overexpressing mice ( Figure 5F ). Also in comparison with the vehicle group, deficits in social interaction were almost fully restored in the ATRA-treated group, as the treated mice spent ~100% more time investigating Stranger I over a non-social object ( Figure  5G ) or interacting with Stranger II over Stranger I (Figure 5H) . Therefore, an intervention of 4 weeks of oral ATRA administration seemed sufficient to alleviate the core traits of ASD-like behaviors in this mouse model of UBE3A hyperactivity.
Of note, in the open-field test, mice administered with ATRA seemed to have spent less time and explored less distances in the center, suggesting that ATRA administration might cause a certain level of anxiety in UBE3A-overexpressing mice (Supplementary information, Figure S9D and S9E). However, locomotor activities of all the mice overexpressing UBE3A seemed unaltered upon treatment with either vesicle or ATRA, according to the rotarod test (Supplementary information, Figure S9F ).
To further investigate whether 4 weeks of ATRA treatment itself might cause side effects such as anxiety symptoms in wild-type mice, wild-type mice (n = 9-10) treated with ATRA or vehicle were subjected to behavioral tests and found to behave similarly in the self-grooming, social three-chamber, open-field or rotarod tests (Supplementary information, Figure S9G -S9I). These observations indicated that ATRA treatment might have caused slight anxiety specifically in mice overexpressing UBE3A in PFC but not in the wild-type mice. This suggests that ATRA-associated side effects might need to be taken into consideration if ATRA administration was ever adopted to alleviate ASD-like traits in future studies.
Chemically impaired RA homeostasis is sufficient to elicit ASD-like phenotypes in wild-type mice
To further investigate whether repressed ALDH1A activities alone would be sufficient to cause ASD-like phenotypes in mice, DSF, an Aldh1a enzyme inhibitor [31] , was dissolved in olive oil and orally delivered into wild-type male C57BL/6 mice (at a single dose of 0.1 or 0.3 mg/g every other day, for 6 weeks) at the juvenile stage (~4 weeks old) to chemically impair RA biosynthesis in vivo. After DSF administration was completed, the levels of ATRA in mouse brains were quantitated, using a previously reported LC-MS/MS (liquid chromatography tandem mass spectrometry) approach [51, 52] . As shown in Figure 6A , after oral administration of DSF for 6 weeks, ATRA levels of DSF-treated mice decreased by 30% (at 0.1 mg/g dosage) or 60% (at 0.3 mg/g dosage) compared to mice receiving vehicle only, indicating that DSF administration can inhibit ATRA synthesis in mouse brains in a dose-dependent manner. Of note, body weights were not affected by DSF treatment (Figure 6B ), suggesting that, at the dosages used, DSF administration itself might not be toxic to the mice.
After 6-week administration of DSF or the vehicle only, mice were subjected to behavioral tests. The self-grooming test showed that DSF-treated mice spent on average 100% (~30 s for mice in the 0.1 mg/g treatment group) or 200% (~42 s for mice in the 0.3 mg/g group) longer in repetitive grooming than mice receiving the vehicle only (~15 s) ( Figure 6C ). In the social interaction test, the mice in vehicle group or those receiving DSF at 0.1 mg/g did not exhibit obvious differences in social preference of a social animal over a non-social object ( Figure 6D ). However, the group of mice receiving 0.3 mg/g DSF manifested a distinct behavioral pattern from groups receiving the lower DSF dosage or the vehicle only; they lacked any significant preference of the social animals over non-social objects ( Figure 6D ). Furthermore, when assessed for their preference of social novelty, the mice treated with DSF at 0.3 mg/g spent a shorter time (~30% less) interacting with stranger II than the vehicle-only group ( Figure 6E ). More specifically, DSF administration appeared to have shortened the time that the mice spent on interacting with Stranger II, in a DSF dose-dependent manner ( Figure 6E ). Taken together, it seems that, when RA biosynthesis is chemically disrupted through oral intake of DSF, a specific inhibitor for Aldh1a, ASD-like phenotypes including increased repetitive grooming and deficits in social interaction and recognition of social novelty could be robustly elicited in mice.
Other behavioral tests were also performed to evaluate the potential effects of DSF administration on anxiety, exploratory behavior and locomotor activity. Remarkably, among all three groups of mice, no significant differences were observed in the open-field, elevated plus maze, or rotarod tests (Supplementary information, Figure S10 ), suggesting that DSF treatment at the above indicated doses did not cause detectable changes in anxiety, exploratory behaviors, or motor activities in these animals. Data from these additional behavior tests as well as body weight measurements strongly suggested that the chemical toxicity of DSF might not contribute to the ASD-like phenotypes in mice following the indicated drug administration ( Figure 6B ). Thus, chemical disrup-tion of RA homeostasis in mice appears sufficient to elicit ASD-like behavioral traits.
Collectively, these findings strongly support a model in which excessive UBE3A dosage might lead to increased ubiquitylation of the ALDH1A family members and decreased RA biosynthesis resulting in reduced RA activity, which might mechanistically underlie this subtype of human ASD ( Figure 6F ).
Discussion
ASDs have been defined as extremely heterogeneous and complex syndromes associated with diverse genetic factors [1] . Many subtypes of ASD are caused by abnormal dosages of the susceptibility genes, such as duplications in MECP2 [53] , SHANK3 [54] , or deletions of NRXN1, CNTNAP2 [55] . Together these all point to the contributory roles of synaptic dysfunctions in ASD [2, 5, 56] . In the subtype of ASD cases implicating UBE3A gene, excessive UBE3A dosages are usually attributable to duplications or triplications of the chromosomal regions [3] (Supplementary information, Figure S5 ), or more rarely caused by mutations disrupting the site for inhibitory phosphorylation that typically leads to E3 Ub ligase hyperactivity [17] . Mouse models, in which overexpression of UBE3A successfully recapitulates ASDlike phenotypes [16] , substantiate the notion that UBE3A hyperactivity may critically contribute to subtypes of human ASD through mechanisms that are yet incompletely understood [23] .
Through an unbiased Y2H screen and subsequent characterization of the targets, we identified human retinaldehyde dehydrogenase ALDH1A2 and its family members as novel interacting partners for UBE3A. Subsequently, our work has provided evidence that excessive UBE3A leads to the increased non-proteolytic ubiquitylation of ALDH1A proteins at sites essential for their retinaldehyde dehydrogenase activity, which compromised RA biosynthesis and impaired the overall cellular RA homeostasis in multiple types of cells including neurons. In primary neurons overexpressing wild-type UBE3A but not the ligase-dead T508E mutant, of which the homeostatic levels of RA were disrupted, synaptic transmission scaling was markedly compromised upon blockade of neuronal activities, through reducing the up-scaled expression of GluR1. This is not only reminiscent of previous findings that impaired RA biosynthesis significantly decreased synaptic scaling [28] , but also offering mechanistic insights into the previously reported compromise in excitatory synaptic transmission in mice overexpressing Ube3a [16] .
We later demonstrated that the core traits of autistic behaviors could be successfully recapitulated in mice by stereotaxic overexpression of wild-type UBE3A, but not the control fluorescent protein or the ligase-dead T508E mutant in the mouse PFC regions. Moreover, oral administration of RA replenished RA homeostasis and alleviated autistic phenotypes in mice overexpressing UBE3A. Furthermore, impairing RA biogenesis through direct administration of DSF, an Aldh1a inhibitor, was sufficient to cause ASD-like phenotypes in mice ( Figure 6F ). This work has revealed, for the first time, the causal roles of impaired RA biosynthesis and reduced RA signaling in the onset of ASD-like behavior, such as increased repetitive behavior, lower interest in social interactions and deficits in recognizing social novelty.
In the broader literature, there is accumulating evidence that perturbation of RA homeostasis and/or RA signaling pathways might be associated with neurological or cognitive disorders. Deficit or loss of homeostatic synaptic plasticity was observed in either RARα-knockout or vitamin A-deficient (VAD) mice, underscoring a possible causal effect of defective RA signaling pathway in neuropsychiatric diseases [10, 25, 57, 58] . In addition, deletions or functional mutations in the ALDH1A1-3 genes were clinically associated with neurological disorders, such as Parkinson's disease, schizophrenia [59, 60] and autism [61] . Taking ALDH1A2 as an example, our data now clearly indicate that ubiquitylation-led suppression of retinaldehyde dehydrogenase activity might critically contribute to the etiology of excessive UBE3A activity-caused ASD. Therefore, our data have unraveled, for the first time, a robust mechanistic link between impaired RA biosynthesis-caused deficient synaptic plasticity and human ASD associated with UBE3A hyperactivity.
It is essential to note that in this study ASD-like behavior could be fully recapitulated by oral administration of DSF, which is currently a drug in use for treating chronic alcoholism, and also with potential efficacy in treating cancer, HIV or cocaine addiction [31] . Given the current pandemic and rising incidence of ASD cases worldwide, it is both intriguing and critically important to investigate whether and how some drugs might contribute to etiologies of other ASD subtypes through perturbing RA signaling homeostasis in human brains. This possibility, if true, suggests that safeguarding these chemicals or drugs from entering the human body might help lower the future risk of some subtypes of ASD.
It is also important to note the limitations of our current study. Our experimental study does not rule out an alternative or additional mechanisms that could involve the nuclear role of RA given that RA can function through genomic regulation in brain development [26, 27] . Moreover, we mainly focused on the effects exerted by the cytosol-located isoform of UBE3A in ASD etiology. Therefore, the roles of the two other nuclear isoforms of UBE3A would need to be clarified in follow-up studies to asses either E3 ubiquitin ligase activity or co-activator effects [62, 63] .
Finally, by supplementing RA within a therapeutically safe dose to restore RA homeostasis and alleviate ASDlike behaviors in UBE3A-overexpressing mice, our results suggest a prototypical strategy for treating human ASD of relevant etiology. This would apply specifically to ASD associated with amplifications of the 15q11-13 chromosomal region and UBE3A hyperactivity. Meanwhile, human ASD could also be re-categorized into subtypes according to whether RA homeostasis or RA signaling pathways are affected, which might entail a re-prioritization of future efforts for targeted therapy [64] . In an era when cure or effective treatments are yet unavailable for human ASD, our findings might facilitate development of mechanism-based therapeutics for the precise management of ASD in clinics [64, 65] .
Materials and Methods
Human subjects and samples
All subjects were enrolled and evaluated according to protocols approved by the institutional review board of the State Key Laboratory of Medical Genetics, School of Life Sciences at Central South University, Changsha, China, firmly adhering to the tenets of the Declaration of Helsinki. The details of subject recruitment and diagnosis were followed as previously described [8, 66] . The written informed consents have been received upon all blood sample collections.
CNV array and karyotype analysis
The CNVs in three Han Chinese patients (males of 3-6 years) were identified using the Human660W-Quad BeadChip microarray (Illumina). Microarray analysis was performed using GenomeStudio v2011.1 (Illumina) as previously reported [67] . CNVs were mapped using the hg18 human genome as a reference. Metaphase slides were prepared from peripheral blood lymphocytes from human subjects. G-banded chromosomes were analyzed at 400-550 band level using Genetix' CytoVision platform with a GSL-120 slide loader. The detailed analysis including culture and metaphase harvest of peripheral blood cells, chromosome slide preparation and Giemsa banding were performed following standard procedures [68] .
Bisulfite DNA sequencing
Methylation analysis of the SNRPN gene in ASD patients was performed as previously reported [69] . Briefly, genomic DNA was extracted from peripheral blood lymphocytes and treated using bisulfite modification reagents. The modified DNA was amplified with the respective primer sets that only recognized bisulfite-modified DNA and submitted to TA cloning followed by Sanger sequencing. The pair of primers was listed as below: 5′-TTAGGTTATTTCGGTGAGGGAG-3′, and 5′-ACACAACAA-CAAACCTCTAAACATT-3′.
Cell lines and transfection
The immortal lymphocytes were established by Epstein-Barr virus transformation using standard methods [70] and cultured in RPMI-1640 (Gibco) supplemented with 20% FBS (Biochrom). HEK-293FT (Life Technologies), HEK-293 (ATCC), SH-SY5Y (ATCC), H1299 (ATCC) and A549 (ATCC) cell lines were all cultured in DMEM (Corning) supplemented with 10% FBS and penicillin/streptomycin (Life Technologies). Mouse MEF cells were prepared and established following the reported methods [71] . Primary neurons were isolated from the PFC region of rat brains (Sprague Dawley) at embryonic day 18 and cultured in DMEM/ F12 medium (Gibco) supplemented with 10% FBS. On the next day, cells were switched to serum-free NeuroBasal medium (Gibco) supplemented with B-27 supplements (Gibco) and GlutaMAX (Gibco). Cells were maintained at 37 °C in a humidified 5% CO 2 air incubator. All cell lines were routinely tested for mycoplasma contamination.
HEK-293FT cells were transfected with the indicated plasmids using polyethylenimine (Sigma), while transfection of SH-SY5Y and H1299 cells were transfected using Lipofectamine 2000 (Life Technologies) according to the manufacturer's instructions. H1299-based mono-or double-allele knockout cell lines were generated by genome editing using the CRISPR/Cas9 system [72] . A pair of sgRNAs targeting UBE3A was designed as previously reported [72] and listed below (target sequences are lowercase):
(1) 5′-CACCGagcacaaaactcattcgtgc-3, (2) 5′-AAACgcacgaatgagttttgtgctC-3′. Primary neurons were transfected with the indicated plasmids using calcium phosphate transfection reagent (Beyotime) following the manufacturer's protocols.
Plasmid construction
Detailed information of all plasmids is listed in Supplementary information, Table S2 . Briefly, restriction enzyme digestion and ligation reactions (NEB) were performed using traditional cloning methods. Plasmids used in Y2H screening were obtained using Gateway LR clonase reaction (Thermo Fisher) according to the manufacturer's protocols. Point mutations of the indicated plasmids were introduced by site-directed mutagenesis as previously reported [73] . In addition, plasmids consisting of several cassettes were constructed using Gibson assembly (NEB) following the manufacturer's instruction. In this work, the full-length human UBE3A isoform 2 (1-875 AA) was used as the template, and expression tags fused with UBE3A were inserted at its N-terminus.
Yeast two-hybrid screening
Y2H screening was performed as previously described [74] using UBE3A as the bait protein. Both pDEST32-UBE3A and the human ORFeome library (pDEST22 backbone) were co-transformed into yeast strain Mav203 (Thermo Fisher). The positive colonies could both survive in SD-4 (deficient in Ura, His, Leu and Trp) medium (Clontech) and show a blue color in the presence of X-Gal (Sigma).
GST pull-down assay
GST, GST-UBE3A and GST-UBE3A-truncated proteins were expressed in BL21 competent cells and purified using Glutathione-agarose beads (GE Healthcare) according to the manufacturer's instructions. ALDH1A1-His6, ALDH1A2-His6 and ALDH1A3-His6 proteins were purified using Ni-NTA agarose beads (Qiagen) following the manufacturer's protocols. Purified ALDH1A2-His6 and GST-UBE3A proteins were incubated in pull-down buffer (50 mM Tris-Cl, pH 8.0, 200 mM NaCl, 1 mM EDTA, 1% NP-40, 1 mM DTT, 10 mM MgCl 2 ) for 2 h at 4 °C. The beads were washed four times with pull-down buffer, and analyzed by immunoblotting assay. The pull-down assays of other proteins followed the same procedures.
In vitro ubiquitylation assay
In vitro ubiquitylation was performed as previously described [74] . Briefly, 100 ng Uba1 (E1), 150 ng UBCH7 (E2), 500 ng UBE3A (E3), 2.5 µg ALDH1A2-His6 and 5 µg wild-type ubiquitin were added into ubiquitylation buffer (25 mM Tris-Cl, pH 7.6, 100 mM NaCl, 1 mM DTT, 5 mM MgCl 2 , supplemented with 2 mM ATP) with the final reaction volume of 50 µL, and incubated at 37 °C for 1 h. The ubiquitylation level of ALDH1A2 protein was examined by immunoblotting assay.
E. coli ubiquitylation system reconstitution
The entire components of the ubiquitylation system were cloned into the dual-expression backbone pACYCDuet-1 vector (Novagen) using traditional cloning methods. HA-UB, UBCH7 and Uba1 were assembled in the first multiple cloning sites (MCS) under T7 promoter/lac operator and ribosome-binding sites (RBS), each separated with Shine-Dalgarno sequences to form a polycistronic cassette. UBE3A was inserted into the second MCS, to generate the plasmid pACYC-HA-UB-UBCH7-Uba1-UBE3A. BL21 competent cells were co-transformed with pACYC and pET22b-ALDH1A2-His6 plasmids using electroporation, and selected with chloramphenicol and ampicillin antibiotics. The E. coli cell culture was induced with 0.25 mM isopropyl β-D-1-thiogalactopyranoside (IPTG; Sigma) at the OD600 of 0.8, and further cultured at 18 °C for 16 h. Cells were harvested and resuspended in RIPA buffer (150 mM NaCl, 50 mM Tris-Cl, pH 7.4, 1% NP-40, 0.1% SDS). The cells were then sonicated using the Vibra-Cell processors (SONICS) and pelleted by centrifugation. The supernatant was purified using Ni-NTA agarose beads. In USP2cc-treatment group, the purified protein binding on Ni-NTA beads was incubated with USP2cc enzyme overnight at 4 °C. The ubiquitylation level of purified ALDH1A2 protein was examined by immunoblotting assay.
Mass spectrometry analysis of ubiquitylation modification sites
The protein samples were obtained both from in vivo ubiquitylation assay in HEK-293FT cells and the E. coli reconsitituted system as described above. Procedures for MS analysis were as previously described [74] . Briefly, the protein pellet was dissolved in 8 M urea, 100 mM Tris-Cl (pH 8.5), followed by TCEP reduction, NEM alkylation and trypsin digestion. Peptides were separated by the EASY-nLC system (Thermo Fisher) and analyzed by the Q Exactive mass spectrometer (Thermo Fisher). Protein and ubiquitylation analysis were performed with Thermo Proteome Discoverer 2.1 (Thermo Fisher) and searched against Uniprot Human database (http://www.uniprot.org/).
Immunoprecipitation and immunoblotting
Specific endogenous or exogenous protein-expressing cells were lysed in IP buffer (50 mM Tris-Cl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 10% glycerol) supplemented with protease inhibitor cocktail (Roche), and sonicated using the Vibra-Cell processors. After centrifugation to remove the cell debris, the supernatant was incubated with specific antibodies and Protein G agarose beads (Merck Millipore) overnight at 4 °C. The primary antibodies were as follows: normal rabbit IgG (sc-2027, Santa Cruz), anti-Flag (F1804, Sigma), anti-ALDH1A2 (sc-367527, Santa Cruz), anti-HA (H6908, Sigma). The immunoprecipitates were enriched and denatured at 95 °C for 10 min in 2× SDS-PAGE loading buffer. The inputs, immunoprecipitates and other cell lysates were then subjected to SDS-PAGE, and transferred to PVDF membrane (Bio-Rad). The membranes were immunoblotted with the specified antibodies: anti-UBE3A (sc-166689, Santa Cruz, 1:500 dilution), anti-Flag (F1804, Sigma, 1:8 000 dilution), anti-HA (H6908, Sigma, 1:4 000 dilution), anti-ALDH1A2 (sc-367527, Santa Cruz, 1:500 dilution), anti-ALDH1A1 (15910-1-AP, Proteintech, 1:500 dilution), anti-ALDH1A3 (25167-1-AP, Proteintech, 1:500 dilution), anti-His (H1029, Sigma, 1:4 000 dilution), anti-GST (66001-1-lg, Proteintech, 1:5 000 dilution), anti-Myc (sc-40, Santa Cruz, 1:1 000 dilution), anti-actin (A2228, Sigma, 1:8 000 dilution) and anti-GAPDH (sc-32233, Santa Cruz, 1:4 000 dilution).
Cells expressing His6-tagged Ub, ALDH1A2-HA and Flag-UBE3A were lysed in 1.0% SDS denaturing buffer, followed by boiling at 95 °C for 10 min, then diluted by 10-fold in immunoprecipitation buffer. The Ub-conjugated ALDH1A2 protein was then specifically enriched using anti-HA antibody, and detected by immunoblot analysis.
Immunofluorescence SH-SY5Y cells were transfected with the specific plasmids and cultured for at least 24 h before fixation in 4% paraformaldehyde, followed by staining of Flag-tagged UBE3A. The permeabilized SPRINGER NATURE | Cell Research | www.nature.com/cr cells were incubated with primary antibody (anti-Flag, F1804, Sigma) at 4 °C overnight, and then Alexa Fluor 488-conjugated secondary antibody (A11029, Thermo Fisher) at room temperature for 1 h. The cell nucleus was counterstained with 4′, 6-diamidino-2-phenylindole (DAPI, Thermo Fisher). Primary rat neurons at day 10 in vitro (DIV) were transfected with the indicated plasmids using a calcium phosphate transfection method and treated with DMSO (Sigma) or 1 µM TTX (Aladdin) and 100 µM d-(−)-2-amino-5-phosphonopentanoic acid (D-APV, Tocris) at DIV 12 for 24 h. The cells were fixed and stained following the above procedures but using primary antibodies, anti-GluR1 (sc-55509, Santa Cruz) and anti-PSD95 (ab18258, Abcam), and subsequently Alexa Fluor 488 (A11029, Thermo Fisher) and Alexa Fluor 647 (A21245, Thermo Fisher)-conjugated secondary antibodies were applied, respectively. Images were acquired on an Olympus FV1200 confocal microscope (Olympus) with sequential acquisition settings at 1024 × 1024 pixel resolution. Identical confocal settings were maintained during all scans in the same experiments. Fluorescence intensities were analyzed and quantitated with Image-Pro plus software (Media Cybernetics).
Immunohistochemistry
Brains from mice that received stereotaxic injection were fixed in PBS containing 4% paraformaldehyde overnight at 4 °C, and immersed in PBS containing 30% sucrose (Sigma) until settling. Coronal brain sections (40 µm) were obtained using a Leica CM3050 S Research Cryostat (Leica Biosystems) and treated with PBST (0.3% Triton X-100 resolved in PBS) for 15 min at room temperature. The brain slices were then blocked with 3% normal goat serum (Boster, China), and incubated with primary antibody anti-Flag (14793, Cell Signaling, 1:800 dilution) overnight at 4 °C. The slides were then incubated with Cy3-conjugated secondary antibody (111-165-045, Jackson ImmunoResearch) for 1 h at room temperature. The brain sections were counterstained with DAPI for nuclear staining and coverslipped with Mowiol mounting solution (Sigma). Fluorescent images were obtained using an Olympus FV1200 confocal microscope (Olympus).
ALDH1A enzyme activity assay
ALDH1A2-Flag protein was ectopically expressed in the HEK-293FT cell line (otherwise indicated) with or without Myc-UBE3A expression, and immunoprecipitated using anti-Flag agarose beads (Sigma), followed by elution using Flag peptide in ALDH1A assay buffer (0.1 M sodium pyrophosphate, pH 8.0, 1.0 mM EDTA, 2.0 mM DTT). For both assays with or without de-ubiquitylation, USP2cc enzyme or bovine serum albumin (BSA) was incubated with the eluted protein overnight at 4 °C. The reaction mixture contained 2.5 mM NAD + , 20 mM DTT, 100 µM propionaldehyde (Sigma) in activity assay buffer, and the enzyme activity was measured on a BioTek Synergy Neo spectrophotometer at 340 nm with 3-min intervals at room temperature. The reaction was terminated when all values reached their plateau states. Using NADH as a standard, ALDH1A2 enzyme activity was calculated as: (amount of NADH generated (nmol) within total reaction time × sample dilution factor) / (reaction time × reaction volume). In measuring activity oxidizing substrate of all-trans retinaldehyde (Sigma), the ALDH activity assay kit (Cayman) was used through a fluorescence-based approach. Briefly, in the presence of 100 µM all-trans retinaldehyde, enzyme activity was assayed by monitoring the fluorescence at Ex = 530-540 nm, Em = 585-595 nm to minimize the interference from retinaldehyde at low absorbance wavelengths.
Aldefluor assay
The aldefluor assay was performed using an Aldefluor kit (Stemcell Technologies) according to the manufacturer's instructions. Briefly, 1 × 10 6 immortalized lymphocytes were incubated with the fluorescent substrate BODIPY-aminoacetaldehyde-diethyl acetate (BAAA-DA) (1.5 µM, Aldefluor assay buffer resolved) for 30 min at 37 °C. Each fraction of the cells was split into two halves: one half for the fluorescence assay, whereas the other half of the cells was pre-treated with 15 µM ALDH inhibitor, diethylamino-benzaldehyde (DEAB), to serve as the negative control during flow cytometry analyses.
RARE-luciferase reporter assay and the RA donor-sensor co-culture system
The plasmid pGL4.22-RARE-TK-luciferase was constructed by cloning 3× RARE (RA-responsive elements) into the pGL4.22 vector (Promega). The RA sensor cell line was established by transfecting H1299 cells with pGL4.22-RARE-TK-luciferase, followed by screening of the stable line with puromycin (1 µg/ml, Sigma). The RA sensor cells were co-cultured with the RA donor cells derived from immortal lymphocytes at ~1:1 ratio (cell numbers) in VP-SFM medium (virus production serum-free medium, Gibco). After treatment with 1 µM all-trans retinaldehyde for 8 h, total luciferase activities of the cultured cells were assayed, following the manufacturer's instructions (Promega).
Electrophysiology
The primary neurons and post-transfected neurons at DIV12-14 were treated with 1 µM TTX and 100 µM D-APV for 24 h, and then patch clamp recordings were measured at room temperature. The recording pipettes were filled with an internal solution (20 mM KCl, 5 mM MgCl 2 , 20 mM HEPES, 110 mM K-gluconate, 0.6 mM EGTA, 2 mM Na 2 -ATP, 0.2 mM Na 3 -GTP, pH 7.3, 290 mOsm). The internal resistance was about 3-6 MΩ. Cell cultures were positioned in an external solution containing 129 mM NaCl, 5 mM KCl, 1 mM MgCl 2 , 25 mM HEPES, 2 mM CaCl 2 , 30 mM glucose, pH 7.3, 310 mOsm. mEPSC recordings were performed at −70 mV in the presence of 1 µM TTX and 100 µM picrotoxin (Tocris) in the external solution. Individual events were recorded and data were analyzed with the Mini Analysis Program (Synaptosoft).
Quantitative RT-PCR
An RNAsimple total RNA kit (Tiangen) was used to extract total RNAs from primary neurons treated with 1 µM TTX and 100 µM D-APV for 24 h or 0.5 µM ATRA for 8 h. Complementary DNA samples were synthesized using ReverTra Ace qPCR RT Master Mix (Toyobo). qRT-PCR assay was performed with the CFX96 real-time PCR system (Bio-Rad) using SYBR Green Master Mix (Toyobo). The relative abundances of the transcripts of the indicated genes were normalized to that of Gapdh, using the ∆∆Ct method. Sequences of the PCR primers used in this work are listed in Supplementary information, Table S3 .
Surface protein biotinylation assay
The surface protein biotinylation assay was performed following a previously reported method [29] . Briefly, after treatment with DMSO or 1 µM TTX and 100 µM D-APV for 24 h, primary PFC neurons were washed with PBS buffer and incubated with biotin solution (1 mg/ml EZ-Link Sulfo-NHS-SS-Biotin, Pierce) for 2 h at 4 °C. The reaction was quenched by washing with 0.1 M glycine (prepared in PBS), followed by washing three times with PBS. The biotinylated cells were solubilized in cell lysis buffer (25 mM MgCl 2 , 1% NP-40, 1% Triton X-100 and 10% glycerol in PBS) supplemented with protease inhibitor cocktail (Roche). After centrifugation to remove the cell debris, the clarified supernatant was incubated with UltraLink Streptavidin resin (Pierce) with rotation at 4 °C overnight. Following centrifugation, the biotinylated proteins were pelleted and washed three times with cell lysis buffer. The biotinylated proteins were denatured with 2× SDS-PAGE loading buffer at 75 °C for 30 min and analyzed by immunoblotting assay using antibodies: anti-GluR1 (13185, Cell Signaling, 1:500 dilution) and anti-GluR2 (13607, Cell Signaling, 1:500 dilution).
Animals
Mice were housed in groups (n = 3-5) on a standard 12 h/12 h light-dark cycle, and food and water were provided ad libitum. All behavioral experiments were performed during the light cycle. All animal studies were performed in strict accordance with the guidelines of the Institutional Animal Care and Use Committee (IACUC) at Shanghai Institute of Biochemistry and Cell Biology, CAS. Mice used for all experiments in this study were male, with C57BL/6 genetic background (SLAC, China).
Virus preparation and stereotaxic injection
Expression of all indicated genes was driven by the Synapsin I (SynI) promoter, in fusion with Flag tag at N-terminus. AAV vectors were serotyped with AAV2/9 coat protein and packaged by Obio Technology. Viral titers were approximately in 1.5 × 10 13 genome copies per ml for the AAV-SynI-Flag-UBE3A and AAVSynI-Flag-UBE3A-T508E, and 9.5 × 10 12 genome copies per ml for the AAV-SynI-Flag-EGFP.
Three-week-old mice were anesthetized with sodium pentobarbital (50 mg/kg, i.p.) and placed in a stereotaxic apparatus (RWD Life Science) to infuse virus. PBS-diluted AAVs (1 µl) were bilaterally injected into mPFC regions of the brain at a constant rate of 0.2 µl/min using a syringe pump (Stoelting). The stereotaxic injection coordinates relative to bregma were: AP, +2 mm; ML, ±0.5 mm; DV, −1.3 mm. The injected viral particles for AAV-SynIFlag-UBE3A and its mutant T508E were 3 × 10 9 , and 1.5 × 10 9 for AAV-SynI-Flag-EGFP at each injected site. The needle was kept in place for another 3 min to prevent virus backflow. The mice were maintained on a 37 °C heat blanket until fully recovered from anesthesia. At post-surgery day 1-2, 0.5 mg/ml meloxicam (Sigma) was injected (2 mg/kg, i.p.) to help relieve pain. Four weeks after the surgery, behavioral tests were conducted. In the ATRA rescue experiments carried out 1 week after the injection of AAV-SynIFlag-UBE3A virus, mice were administered daily (5 consecutive days per week) with ATRA (Sigma; dissolved in olive oil, at dosages of 3 mg/kg) or vehicle (olive oil) via oral gavage. Behavioral tests were started after 4 weeks of such treatment.
DSF administration
Four-week-old mice were administered a single dose of 0.1 mg/g, or 0.3 mg/g DSF (Sigma, dissolved in olive oil) via oral gavage every other day for 6 weeks. The control group received the vehicle only. Body weights of the mice were measured weekly. Behavioral tests of the mice were initiated after administration of DSF or vehicle for 6 weeks. Brains were dissected from the animals receiving DSF or vehicle only and flash-frozen immediately in liquid nitrogen, followed by tissue homogenization and ATRA quantitation using the HPLC-MS/MS approach described below.
Quantitation of ATRA using HPLC-MS/MS
Sample preparation, retinoid extraction and subsequent analysis using HPLC-MS/MS approach were performed as previously reported [51, 52] . Briefly, each frozen brain was homogenized on ice with 2 ml of 0.9% saline under red light. 13-cis-RA-d5 (20 ng/ ml, TRC) was added as the internal standard to the homogenates and mixed. 1.5 ml of 0.025 M KOH in ethanol was added to the homogenates. After addition of 7 ml hexane, the aqueous phase was extracted, and then neutralized with 120 µl of 4 M HCl. Next, the organic phase containing RA and polar retinoids was extracted with another 7 ml of hexane. The hexane extracts were evaporated under nitrogen gas, and resuspended in 50 µl of acetonitrile. For ATRA resolution in HPLC, the 2.1 × 100 mm Supelcosil AB-Z+PLUS column (3 µm, Sigma) was employed, with the following running solvents: A, H 2 O with 0.1% formic acid; B, acetonitrile with 0.1% formic acid. Identity of the ATRA-containing fraction was determined with an AB Sciex 4000 QTRAP LC-MS/MS system equipped with APCI in positive ion mode. The amounts of ATRA in each fraction were determined using calibration curves generated from standard amounts of ATRA.
Self-grooming test
The mice used for the self-grooming test were firstly habituated in a cleaning chamber covered with beddings (the height was about 0.5-1 cm) for 10 min. After the habituation, the time of mice spent in grooming was recorded within 10-min intervals, using stop-watches by two observers who were blinded to the groupings of mice.
Three-chamber social test
The three-chamber social test was performed according to previously reported protocols [75] . Briefly, the apparatus consisted of a transparent acrylic box divided into three chambers of the same size, and removable doors in each partition. Two wire cups were placed with the opening down in the left and right chambers. Two days prior to the testing, two age-and gender-matched C57BL/6 mice, not littermates, were placed under both wire cups as stranger mice, and habituated for 1 h per day. Test mice, grouped in a blinded manner, were habituated to the test room for 1 h before the start of behavior tests. Each test mouse was introduced to the central chamber and allowed to explore for 10 min and then isolated in the central chamber with doors closed. In the first stage, a stranger mouse was placed randomly into the left or right wire cup, to avoid any side preference of the test mice; while an inanimate object was placed into the other wire cup. Each test mouse was allowed to explore with open access to all three chambers of the apparatus for 10 min. The time spent in interacting with the stranger mouse or an inanimate object was recorded manually. Following this stage, the test mouse remained in the stranger mouse chamber for extra 5 min. In the second stage, another stranger mouse was shifted to replace the inanimate object. Each test mouse was allowed to inves-tigate for additional 10 min. The time spent in interacting between familiar or novel animals was measured manually. The observers were blinded to the groupings of test mice.
Open-field test
Mice, grouped in a blinded manner, were placed in the openfield apparatus (Med Associates) and allowed to explore for 30 min. The time spent in center (defined by the area from 1/3 to 2/3 of the length of each side) and distances traveled in center compared with total traveling distances were measured using Ethovision automated tracking software (Noldus).
Elevated plus maze
Mice were placed in the closed arm of elevated plus maze apparatus (Med Associates) and allowed to explore for 5 min. The movements of animals were filmed by an overhead camera, and the entries running into open arms and closed arms within the 5-min interval were analyzed using the ANY-maze software (Stoelting).
Rotarod test
The motor coordination and locomotor activity of blindly grouped mice were examined using a Rotamex rotarod apparatus (Columnbus Instruments). In a single day, the mice were tested on three trials, with each trial lasting 5 min with the rod rotation accelerated from 4 to 40 rpm. The intervals permitting rest between each trial were about 30 min. The time of mouse falling down the rod was automatically recorded by the infrared detection system and results of the last trial were compared.
Statistics
All statistical analyses were performed using GraphPad Prism (GraphPad Software). Data sets were analyzed for significance using Student's two-tailed t-test, one-way ANOVA with Bonferroni post hoc test, or Dunnett's post hoc test, respectively. All data were expressed as means ± SEM. Details for each statistical analysis were clarified in each figure legend. All data were collected from at least 3 independent replicates of experiments. No statistical methods were applied to pre-estimate sample size. All mice were randomly allocated to different experimental groups.
Accession number
The CNV data have been deposited in the Gene Expression Omnibus database at NCBI under accession number GSE93207.
